A modification of the Adler capillary assay was used to evaluate the chemotactic responses of several denitrifiers to nitrate and nitrite. Strong positive chemotaxis was observed to N03-and N02-by soil isolates of Pseudomonas aeruginosa, Pseudomonas fluorescens, and Pseudomonas stutzeri, with the peak response occurring at 10-3 M for both attractants. In addition, a strong chemoattraction to serine (peak response at 10-2 M), tryptone, and a soil extract, but not to NH4', was observed for all denitrifiers tested. Chemotaxis was not dependent on a previous growth on N03-, N02-, or a soil extract, and the chemoattraction to N03-occurred when the bacteria were grown aerobically or anaerobically. However, the best response to N03-was usually observed when the cells were grown aerobically with 10 mM N03-in the growth medium. Capillary tubes containing 10-3 M N03-submerged into soil-water mixtures elicited a significant chemotactic response to N03-by the indigenous soil microflora, the majority of which were Pseudomonas spp. A chemotactic strain of P. fluorescens also was shown to survive significantly better in aerobic and anaerobic soils than was a nonmotile strain of the same species. Both strains had equal growth rates in liquid cultures. Thus, chemotaxis may be one mechanism by which denitrifiers successfully compete for available N03-and N02-, and which may facilitate the survival of naturally occurring populations of some denitrifiers.
The process of denitrification, the anaerobic reduction of nitrate or nitrite to nitrous oxide or elemental nitrogen, has received a great deal of attention in recent years because it has been recognized as a major sequence in the nitrogen cycle and because it is responsible for significant losses of nitrogen from agricultural soils (21) . To date, however, most of the research devoted to this subject has been restricted to biochemical or physiological studies, with little attention being paid to the ecology of the organisms responsible for denitrification (27) . In the latter respect, it is known that the predominant denitrifiers are able to maintain relatively high populations in certain soils and that these denitrifying populations constitute ca. 20% of the organisms capable of anaerobic growth, as well as being 1 to 5% of the total heterotrophic community (27) . Furthermore, the predominant denitrifiers have been identified to be a "very diverse group of gram-negative, motile bacteria," the majority of which are Pseudomonas species (13) .
It is still not known, however, why the predominant denitrifiers are so successful in nature, especially since it appears that some denitrifiers survive better under aerobic conditions (25) . It is apparent that the most important habitats for denitrification are those in which aerobic-anaerobic interfaces occur (27) . Thus, nitrate produced in an aerobic zone diffuses to an adjacent anaerobic zone, leading to a concentration gradient, where it is quickly reduced by denitrifiers (5, 6, 15) . Bacteria capable of carrying out denitrification that survive better in an aerobic zone, are located in an aerobic zone, or both, then, may not contribute significantly to the denitrification process, unless they are able to move to the site of nitrate in the anaerobic zone or to create local environmental conditions in the aerobic zone that allow for denitrification. Theoretically, pseudomonads could reach nitrate by exhibiting a positive chemotactic response (movement toward a chemical gradient [2] ) to nitrate. Alternatively, the aerobic-anaerobic interface itself may migrate to the site of nitrate production (27) . Thus, those denitrifiers located in an aerobic zone also could switch from aerobic respiration to denitrification as environmental conditions change from aerobic to anaerobic.
It seems likely, however, that chemotaxis would offer a strong competitive mechanism for denitrifiers, since chemotaxis would allow denitrifiers to actively reach nitrate by directed motility, rather than by random movement or diffusion of nitrate. Furthermore, it has been shown that bacteria capable of eliciting a chemotactic response usually find themselves at a selective advantage in unmixed environments (22) , such as soil, where spatial or temporal chemical gradients persist (17) . Likewise, chemotaxis appears to offer an ecological advantage to a number of other organisms in a variety of environments (3, 7, 8, 12, 20, 23, 24, 28) . The present studies were initiated to examine the chemotactic responses of several denitrifiers to nitrate and nitrite.
MATERIALS AND METHODS
Bacterial strains. The test organisms used in the experiments reported here were chosen to represent the predominant denitrifiers isolated from diverse soils from around the world (13 Cells were harvested by centrifugation at 3,000 x g for 10 min at 4°C, and the pellet was washed twice in chemotaxis medium which consisted of 0.01 M potassium phosphate buffer (pH 7.4), 1.0 mM MgSO4 * 7H20, and 0.1 mM disodium-EDTA (18) . The final pellet was resuspended in chemotaxis medium to which 0.1% Triton X-100 had been added (final chemotaxis medium [FCM] ) to prevent adhesion of pseudomonads to the capillary tubes (9) . Preliminary studies showed that FCM did not inhibit motility or chemotaxis. The cells were suspended to give a final concentration of 1 x 106 to 2 x 106 bacteria per ml, which resembles natural population levels in soil (13) .
For chemotaxis experiments, the bacteria were diluted in tryptone broth (Difco) and plated on TSBYE plates containing 2.0% agar to determine the number of bacteria per capillary. TSBYE agar plates containing cycloheximide (50 ,ug/ml) and naladixic acid (Sigma) or neomycin sulfate (Sigma) at 200 ,ug/ml were used to determine the number of antibiotic-resistant bacteria surviving after inoculation in soil (see below).
Chemotaxis assays. The capillary assay for chemotaxis was performed by the principles of Adler (1) so that the open ends of the capillaries were submerged 10 mm below the surface of the bacterial suspension. At this point the tubes were transferred to a 30°C "warm room" and incubated for 45 min. After the incubation period the contents of the capillaries were expelled into tryptone broth, serial 10-fold dilutions were made, and 0.1-mi samples were spread on TSBYE agar plates. Duplicate plate counts were made for each dilution to determine the number of bacteria per capillary tube. Each capillary assay was performed in duplicate, three separate times, and the results were averaged. To normalize for experimental or day-to-day differences in motility, the chemotactic ratio (Rche) was determined (3, 19) as: Rche = number of bacteria in attractant capillary/number of bacteria in control capillary. This value showed less variability between the different bacterial preparations than did the absolute accumulations (19) . An Rche of 2.0 or greater was considered to be significant (19) .
For soil chemotaxis experiments, 1 g of soil was mixed vigorously with 1 g of sterile distilled water for 30 s and allowed to briefly settle. Capillary tubes containing 10-3 M KNO3 dissolved in either FCM or sterile distilled water, or sterile distilled water or FCM alone as controls, were submerged 20 mm into the soil-water suspensions, attached to test tubes with adhesive tape as above, and incubated at 30°C for 45 min. After the incubation period capillaries were removed, and their contents were expelled into tryptone broth. Serial 10-fold dilutions were then made, and 0.1 ml was spread on TSBYE agar containing 50 ,ug of cycloheximide per ml and a selective Pseudomonas agar (14) .
The attractant chemicals were prepared fresh daily, sterilized by filtration through 0.22-pLm filters (Millipore Corp., Bedford, Mass.), and diluted 10-fold in FCM to yield concentrations of 10-1 to 10-6 M. 1) for P. aeruginosa, P. fluorescens (PF1), and P. stutzeri (300) indicated that these bacteria were strongly attracted to 10-3 M nitrate. The threshold response (minimum concentration of an attractant needed to elicit an observable response in the capillary assay) for nitrate was determined to be 10-4 M for P. aeruginosa and 10-5 M for P. stutzeri. The concentration response curves to nitrite (Fig. 2) for P. aeruginosa, P. fluorescens, and P. stutzeri also indicated a peak response at 10-i M nitrite for all strains tested. The aeruginosa (0), P. fluorescens (A), and P. stutzeri (U) to NO3-. Cells were grown in TSBYE broth containing 10 mM KNO3 and were assayed for 45 min at 30°C. P. aeruginosa also was grown in an SE (0) and tested for its ability to respond chemotactically to NO3-. Each point is the average of triplicate assays, and backgrounds were subtracted. threshold response to nitrite was 10-4 for P. stutzeri 300, 10-5 M for P. stutzeri 1 and P. aeruginosa, and 10-6 M for P. fluorescens.
The ability of the denitrifiers to move chemotactically to serine was tested, and the results showed that PF2 and all strains of P. stutzeri had peak responses at 10-2 M serine, whereas P. aeruginosa demonstrated its best response at 10-3 M serine. The threshold response for serine was determined to be at 10-5 M for all strains tested. It Soil survival and competition studies. To test whether chemotaxis could offer a selective advantage for denitrifiers in soil, a motile, chemotactic strain of P. fluorescens (PF2) and a nonmotile strain (PF1) of the same species were inoculated separately or together into soil (under both aerobic and anaerobic conditions) and quantitatively counted at various intervals after inoculation. Preliminary studies showed that both strains had similar generation times when grown in liquid cultures (data not shown). In unmixed anaerobic and aerobic soils, PF2 was found to survive significantly better than PF1 (P < 0.001, Table 4 ). For instance, 40% of the initial PF2 inoculum was recovered after 5 days of anerobic incubation, whereas only 3% of the initial PF1 inoculum could be recovered from the same soil. Similarly, for the same aerobic soil it was found that 70 and 6% of the initial inoculum were recovered for PF2 and PF1, respectively. When the bacteria and soils were mixed, however, both denitrifiers survived significantly better (Table 4). PF2 increased its net survival in the anaerobic soil from 40 to 150%. Likewise, in mixed aerobic soil PF2 increased its net survival from 70 to 200% of the initial inoculum. Mixing the soil and bacteria also allowed PF1 to significantly increase its ability to survive in aerobic and anaerobic soils (Table 4) . Both strains survived better in aerobic soils (25) .
DISCUSSION
The present study has demonstrated that several denitrifiers, namely P. aeruginosa, P. fluorescens, and P. stutzeri, were strongly attracted to NO3-and NO2-. In addition, it was found that the chemoattraction of these denitrifiers to nitrate and nitrite did not depend on previous growth on N03-and NO2-and could occur when the bacteria were grown aerobically or anaerobically. Conceivably then, pos- It is believed that the ability of PF2 to outgrow PF1 in aerobic and anaerobic soils was due to the ability of PF2 to demonstrate a positive chemotactic response to certain chemicals (possibly NO3-or NO2-in anaerobic soils) favorable for cell growth, rather than superior growth kinetics or random motility simply moving PF2 to.a position of greater substrate concentration. It has been shown that both active chemotaxis and motility are required for efficient bacterial movement in soil (26) . Furthermore, in natural environments containing an indigenous microflora, random motility usually prevents cells from accumulating in favorable growth regions (16) . In such an instance, random motility reduces the population size of an organism by bringing it to a region with a lower nutrient concentration (16, 17) . Pilgram and Williams (22) , for example, showed that a motile, chemotactic strain of Proteus mirabilis attra cted by certain amino acids outgrew a motile, nonchemotactic mutant in a semisolid, amino acid medium, although both strains grew equally well in broth. Similarly, Freter et al. (10, 11) found that a motile, chemotactic strain of Vibrio cholera outgrew a randomly motile, nonchemotactic mutant (derived from the chemotactic parent) in the mouse intestine. In pure culture, however, random movement of the bacterium in any direction away from the initial point of inoculation can only bring it to a position of greater substrate concentration (16) . It appears, then, that in certain environments motility is beneficial to survival only when it is guided by chemotactic stimuli, whereas it may be a liability in the absence of such stimuli (10, 11, 16, 17) . Chemotaxis thus may aid denitrifiers to seek out and closely approach NO3-and NO2-(or other substrates) in certain habitats, such as at sediment surfaces or sites adjacent to aerobic zones where nitrate is being produced.
The ability of denitrifiers to move chemotactically through soil, however, probably varies from day to day and may not be possible under certain environmental conditions (26) . The rate of bacterial spreading in soil has been shown to decrease as soil moisture decreased (26) . Nevertheless, chemotaxis, singly and collectively with other survival mechanisms (see reference 27), may affect the ability of denitrifiers to succeed in certain environments, as well as compete for indigenous NO3-and NO2-. Consequently, the importance of chemotaxis should not be underestimated since it may well supply that extra increment of fitness which is responsible for the VOL. 49, 1985 on October 19, 2017 by guest http://aem.asm.org/ 114 KENNEDY AND LAWLESS "widespread occurrence and relatively high densities of denitrifiers found in nature" (27) .
